The objectives of the present work were to evaluate the chemical compatibility between coir (Cocos nucifera L.) and cement and to study treatment methods to improve this compatibility. In the inhibition test, cement hydration temperature evolution was measured in the absence and presence of untreated and treated coir fibres (cold water, hot water and NaOH), besides the addition of 4% of CaCl 2 . The chemical characterization of untreated and treated coir fibres was done by determining the content of extractives, lignin, and holocellulose. The inhibition test graded the untreated fibre as "extreme inhibition," ratifying the need to provide it a treatment. Treatments done on coir fibres affected positively the compatibility between cement and fibre, reducing the inhibition. The treatments reduced the lignin coir fibres' and extractives proportion, whose variation was significantly correlated with the reduction of the inhibitory index. These results indicate a possibility for future incorporation of these fibres into the production of mineral composites.
Introduction
In Brazil, the great consumption of coconut water, in natura or industrialized, has generated significant quantities of residues, mainly in the form of hulls [1] . Coir processing by agroindustries produces great quantities of fibres that can be used to manufacture strings, sacks, carpets, clothing, brushes, paint brushes, and, more recently, internal car coatings, as well as seats and shock absorbers [2] . Although this fibre has been employed within a broad range of products, given the great products' volume, it is very important to study new forms of utilization, such as the production of composite materials.
Nowadays, cement-wood composites present major importance on civil construction market due to its low-cost and easy production, as its composition uses the abundant residues from timber and agroindustries, thus being a viable alternative for these residues. Besides, these composites have found great worldwide acceptance, as this mixture combines desirable properties of lignocellulosic material and cement [3] . These composites can be used as linings, floors, screens, external coatings, specialized coatings for acoustical isolation, protection elements against fire, and so forth [4] .
The lignocellulosic part of these composites is obtained from fast-growing or low-value wood species, agriculture residues, and so forth [5] . The addition of fibres to cement brings some advantages to the composites, such as high resistance to tension, relatively high modulus of elasticity, good resistance to fire, and resistance against fungi and termites, besides its technology of easy development [5, 6] . However, it presents some drawbacks: high variation in compatibility between lignocellulosic materials and cement due to inhibiting substances (sugars, extractives, hemicelluloses, etc.) and the relative chemical efficiency of the additives required to surpass the lignocellulosic inhibiting effect on the cement setting [7, 8] .
In spite of these restrictions, there are several strategies to improve the lignocellulosic material compatibility with cement and other agglutinating minerals, increasing, consequently, these composites' resistance [9] . Several researches have shown that adequate treatments are able to minimize the effects of those inhibiting substances. The treatments include basically the removal of the inhibiting substances through the immersion of the lignocellulosic material in water at room temperature [10] or in hot water [8, 11] , immersion of the material in NaOH aqueous solution [12] , addition of accelerating chemical substances of the cement setting such as calcium chloride (CaCl 2 ) [13, 14] , magnesium chloride (MgCl 2 ) [7, 15] , and substitution of part of the cement by active silica [16] . In this context, this study presented the following objectives: to evaluate, by means of thermometric test, the chemical compatibility between cement and coir fibre (Cocos nucifera L.) and to study methods to improve this compatibility.
Material and Methods

Inhibition Test.
A bale of green coir fibre (Cocos nucifera L.) was purchased from the enterprise Coco Comandatuba Ltda., located in Ilhéus, BA, Brazil. The fruits were harvested from 10-year-old coir palms between the seventh and ninth month after the inflorescence. Afterwards, the fibres were processed in a hammer mill with 6 mm mesh openings. The processed fibres were then manually selected, removing odd material and reducing them into smaller dimensions in a Wiley macromill. The obtained particles were graded through a Produtest vibrator to obtain the fraction that passed through a 40 mesh (0.42 mm) and collected at a 60 mesh (0.25 mm) screen (−40, +60). The method applied to evaluate compatibility between coir fibre and cement was based on Weatherwax and Tarkow [17] and Hofstrand et al. [18] previous studies. In the present test, the cement hydration temperature evolution was measured in the absence and presence of coir fibre (Cocos nucifera L.) to determine the inhibition index of the cement setting by the fibre. The tests were performed with four repetitions each, in an air-conditioned room at controlled temperature of 20 ± 3
• C and controlled relative humidity of 60 ± 5%. For the inhibition test, three previous treatments were applied on the coir fibre: immersion into water at room temperature during 72 hours, immersion into hot water at 80
• C during 90 minutes, and immersion into a 5% NaOH aqueous solution p.v. during 72 hours. After these treatments, the fibres were air dried and those submitted to alkali treatment were previously triple washed to remove excess of NaOH. In order to evaluate the effect of a common additive, calcium chloride (CaCl 2 ) was mixed with untreated fibre and the inhibition test was also carried out.
The hydration test was conducted using 200 g of Portland cement CPII Z-32, 15 g of coir fibre, and 90.5 mL of distilled water, which were all mixed up and put into plastic bags. Each plastic bag was placed into a thermal recipient and then a "K-" type thermocouple cable was placed into the midst of the mixture. The thermocouple cable was connected to a signal receiver, and data was read and converted into temperature values through the Lynx computer software. Temperature readings were made at 10-second intervals during 22 hours, totaling nearly 7,900 readings. The inhibition index (I) in percentage was calculated according to (1) [18] . The compatibility between coir fibre and cement was classified according to Table 1 
where T cem is the maximum temperature of cement/water mixture ( • C); T m is the maximum temperature of coir/cement/water mixture (
• C); H cem is the time (h) to reach maximum hydration temperature of cement and cement/water mixture; H m is the Time (h) to reach maximum hydration temperature of cement mixture in the coir/cement/water mixture; S cem is the maximum temperature increment of the curve in the cement/water mixture (
• C/h); S m is the maximum temperature increment of the curve in the coir/cement/water mixture (
• C/h).
Chemical Characterization of Treated and Untreated
Coir Fibres. The chemical characterization of untreated and treated coir fibres-cold water (immersion in water at room temperature for 72 hours), hot water (immersion in water at 80
• C for 90 minutes), and NaOH (immersion in 5% NaOH aqueous solution p.v. for 72 hours)-was done by means of determining extractives, lignin, and holocellulose contents.
Determination of Extractives.
The content of extractives was determined according to TAPPI T 204 standard [19] . For this determination, the coir fibre was ground and graded through a system of vibration screens, as previously described. Initially, 3 g of coir fibre sample were weighedin duplicate-in a cellulose tube. Both cellulose tubes were placed into a Soxhlet extractor, and extraction was done for eight hours after the first reflux. Afterwards, the extraction through ethanol was effected for a period of six hours after the first reflux, leaving the samples to dry at each extraction. The sample was then dried in heater to eliminate the excess of solvents, and weighed. Thus, the percentage of total extractives (E TOTAL ) was calculated according to the following:
where P a is the extractive dry weight, g; P s is the sample dry weight, g. [20] and LAP 004 [21] , respectively. The extractive-free samples were submitted to acid hydrolysis to determine lignin contents.
Insoluble Lignin. 0.3 g from the extractive-free sample were placed into the test tube and submitted to hydrolysis with sulphuric acid at 72%, placed into a double boiler at temperature of 30 ± 1 • C for 2 hours, under agitation at 15-minute intervals. Once this period elapsed, the material was transferred to penicillin flasks using 84 mL of water, and flasks were sealed and taken to an autoclave for one hour at 120 ± 1
• C. After this process, flasks were left to rest at atmosphere temperature for 30 minutes and, afterwards, filtered using prior weighed Gooch crucibles; the residues were washed with water and dried in a heater at 105 ± 2
• C for four hours and then weighed. The insoluble lignin content (L i ) given in percentage was determined through the following:
where: m 1 is the dry-base residue mass, g; and m 2 is the drybase sample mass, g.
Soluble
Lignin. An aliquot of the filtered material was analysed in a Femto 700 plus spectrophotometer, in which absorbance was measured in a 205 nm length wave, having sulphuric acid at 4% as blank. The soluble lignin concentration (L s ) was calculated, as shown by the following.
where L SOL is the soluble lignin (g/L); V is the volume of filtered material (87 mL); W is the initial mass (g); T FINAL is the content of sample solids (%). Soluble lignin (L SOL , g/L) was determined as shown by the following:
where A is the absorbance at 205 nm; df is the dilution factor; b is the cuvette path length, 10 mm; a is the absorptivity equal to 110 cm Holocellulose. The percentage of holocellulose (Hol, %) was calculated according to (6) given by Andrade et al. [22] :
Statistical Analysis.
Compatibility of coir fibre with cement and the analysis of the chemical composition of green coir (contents of lignin and extractives) were analysed through the analysis of variance (ANOVA). When there was rejection of the hypothesis of nullity, the least-significantdifference (LSD) median test was applied at the 95% probability level.
Results and Discussion
The values obtained from the inhibition test are presented in Table 2 . The mixture of the ideal material should attain maximum temperature (T m ) in the shortest time (H m ) with maximum increment (S m ). The inhibition index (I) of the untreated coir-cement mixture was 186.28%, considered "extreme inhibition" according to Table 1 . A similar observation was made by Olorunnisola [4] when studying coir fibre for the confection of mineral panels. The inhibition indexes of treatments with cold and hot water were 20.85% and 14.07%, respectively, being graded as "medium inhibition" according to Table 1 , without significant statistical difference between these treatments. The treatments with NaOH and addition of CaCl 2 presented lower values of inhibition indexes, 2.24% and 2.97%, respectively, thus changing these fibres compatibility with cement, which were graded, according to Table 1 , as "low inhibition." Thus, the efficiency of the chemical treatments on coir fibres at inhibition reduction of the Portland cement setting was evinced.
Asasutjarit et al. [8] , studying the properties of panels strengthened with treated coir fibres, observed that the treatments (immersion in cold and hot water) increased the efficiency of coir fibres as a compound strengthening, increasing the interfacial adherence between the coir and the matrix. The hydration curves in the course of time of standard Portland cement mortar and its mixtures with untreated and treated coir fibres (cold water, hot water, and NaOH) are presented in Figure 1 . These profiles qualitatively evaluate the behaviour of cement setting with the addition of treated and untreated coir fibres.
The inhibitory effect of this fibre was evident in relation to the reactions of cement hydration, once the standard mortar reached the peak temperature of 55.1
• C in 11 hours, and the untreated fibre reached a maximum temperature of 30.5
• C in about one hour, as presented in Table 2 . Assuredly, there is a great difference and it confirms that untreated coir fibres cause extreme inhibition on the cement setting. According to Zhou and Kamdem [23] , the T m reduction may be caused by a reduced value of cement hardening or by the presence of a determined mass of lignocellulosic material which did not contribute to generate heat but, on the contrary, absorbed it. It could also be observed that hotwater treatment considerably decreased the inhibitory index, but the maximum temperature was relatively low (32.9
• C). The cold-water treatment yielded slightly higher temperature (34.1
• C), but the curve (behind the hot-water curve) was almost the same of that observed for hot-water treatment. Table 3 shows the contents of lignin, extractives, and holocellulose for coir fibre under different treatments. It was verified that the analysis of the untreated fibre chemical composition confirmed the presence of high lignin content, thus corroborating the results found by other authors [1, 8, 24] . It can be observed that the chemical composition presented variation between treatments. The untreated and treated coir fibres in cold and hot water presented, respectively, 34.24%, 30.80%, and 29.73% of lignin contents. However, there was no statistically significant difference between untreated and cold-water treatment, nor between the other treatments in cold water, hot water, and NaOH.
Asasutjarit et al. [8] studied the production of reinforced panels with coir fibre and Abdul Khalil et al. [24] determined its chemical composition. The lignin contents of the untreated fibre were 32.1% and 32.8%, respectively, and these values were lower than those found in the present research. Corradini et al. [1] , studying the chemical composition of several coir varieties, observed that lignin varied from 37.2% to 43.9%, depending on the culture, which was higher than those presented in this study. It was verified that, in relation to extractives, the untreated and the coldwater-treated fibre presented similar extractives contents (4.86% and 4.82%, resp.) without statistically significant difference between them; on the other hand, hot-water and NaOH treatments presented statistically different extractives contents (3.68% and 2.48%, resp.). Figure 2 shows the relationship between the coir fibre chemical composition and the inhibitory index. It can be observed that the higher the extractive and lignin content, the greater the inhibitory effect on cement setting. The exponential models fitted to explain this relationship were highly statistically significant (P < 0.0001). Nevertheless, the scattering data of the inhibitory index of untreated fibres observed at extractive content nearly 4.86% is relatively high. Therefore, when these data were not included in the analysis, a highly significant power model (y = 0.1384x 3.3986 ; F = 61.2 * * ) was fitted and the coefficient of determination (R 2 ) was considerably higher: 0.8125.
On the other hand, the lignin content variation of the coir fibre almost fully explains (96.1%) the inhibitory index variation. In this context, it is clear that the treatments performed on the coir fibres significantly altered their chemical composition, which led to a drastic reduction of the inhibitory effect on cement setting. According to Hachmi and Moslemi [25] and Sutigno [10] , this phenomenon occurs because, generally, there is an inverse relation between content of wood extractives and hydration temperature of the cement-wood mixture. Sutigno [10] corroborated that after the immersion of Tectona grandis wood in cold and hot water, the wood tannin contents and sugars were reduced, so the hydration temperature was increased. Miller and Moslemi [26] stated that complex chemical and physical processes occur during cement hydration, so the cause of the inhibitory effect of the lignocellulosic material is difficult to be evinced. Nevertheless, the authors brought some explanations about it and they discussed that lignocellulosic International Journal of Polymer Science polymers can affect considerably the crystallization reactions of the cement. According to the authors, the following mechanisms might be involved in this phenomenon: sugar migration to the wood surface, and solubilization and/or degradation of wood polymers caused by calcium hydroxide formed during cement hydration. Figure 3 depicts the surface of untreated (a) and NaOHtreated coir fibres (b-d) according to the scanning electronic microscope (SEM) evaluation. The comparison between the material at the same magnification (a,b) reveals that the untreated fibre surface (a) is not clean probably because of the presence of fat, wax, and other compounds. On the other hand, the NaOH-treated fibre surface (b) is cleaner and some erosion can be seen, evincing the removal or degradation of the components (wax, fat, and extractives) that play important role on the inhibition of cement setting. As the magnification is improved (c,d), the erosion on the surface becomes more evident. Indeed, several authors have observed a higher degree of roughness of alkali-treated coir fibres [27] [28] [29] . Rout et al. [27] , studying the surface morphology of alkali-treated (5% solution) coir fibre, found that a large amount of pith was revealed probably due to the removal of tyloses and globular fatty deposits.
Calado et al. [28] evinced the lignin removal from the coir fibre surface soaked in 2% Na 2 SO 3 solution. The SEM micrographs clearly showed that chemical treatment imparted significant modification of the coir fibre outer layer, which, according to the authors, is rich in lignin. The removal of tyloses was also mentioned by Rout et al. [29] as consequence of alkali treatment of coir fibres. Recently, Ramadevi et al. [30] found that alkali treatment removed the waxy epidermal tissue, and most of the lignin and hemicelluloses components of abaca fibres (Musa textilis).
It was observed that the holocellulose values (cellulose + hemicellulose) in the different treatments went up with the reduction of the other chemical constituents, such as lignin and extractives. The untreated fibre presented lower holocellulose content (60.90%), while the NaOH treatment obtained the highest holocellulose value (70.29%). The holocellulose content of the untreated coir fibre is higher than the value observed by Abdul Khalil et al. [24] , which was 56.3%, and lower than that observed by Asasutjarit et al. [8] , 68.9%. The content of holocellulose found in the hot-water treatment may be partially compared to the results presented by Asasutjarit et al. [8] , which was 73.9%, value superior to that verified in the present study. The holocellulose content rise with the decrease of extractives and lignin contents was also observed by Asasutjarit et al. [8] ; however, holocellulose did not increase in absolute terms, only in relative terms.
Conclusions
(i) The untreated coir fibre is extremely inhibiting to the cement setting, thus confirming the necessity for pretreatment.
(ii) The studied treatments reduced the contents of extractives and lignin, minimizing the inhibiting effect of coir fibres to the Portland cement setting, thus enabling the incorporation of these fibres into the production of reinforced mineral panels. (iii) The treatment with NaOH and the addition of CaCl 2 considerably altered the compatibility of the coir fibre, which was graded as low inhibition.
